Abstract: The effects of live yeast (LY) on immune responses and intestinal morphological structure in lipopolysaccharide (LPS) challenged broilers were investigated. A total of 480 one-day-old male broilers were divided into six groups following a 3 × 2 factorial arrangement (eight replicates) with three dietary LY dosages (0%, 0.05%, or 0.50%) and two immune treatments (injection of saline or LPS) given at an interval of 48 h between 21 and 27 d of age. Blood was sampled on days 21 and 27, while intestine were collected on day 28. Results showed that LPS damaged (P ≤ 0.05) intestinal histomorphology, and tended to reduce (P = 0.071) serum anti-Newcastle disease virus (NDV) titers on day 21, but increase (P = 0.089) jejunal maltase activity. Supplemental LY at 0.05% elevated (P ≤ 0.05) ileal villus width and villus surface area, and serum anti-NDV titers on day 21. The addition at 0.50% increased (P ≤ 0.05) jejunal and ileal villus height to crypt depth ratio, reduced (P ≤ 0.05) jejunal maltase activity and crypt depth, and attenuated (P ≤ 0.05) LPS-induced increase (P ≤ 0.05) in serum diamine oxidase activity on day 21. Collectively, supplemental LY at 0.05% improved antibody response and the addition at 0.50% alleviated LPS-induced intestinal damage in broilers.
Introduction
Challenge by bacteria or its cell wall component such as lipopolysaccharide (LPS) was showed to impair the immune responses and intestinal structure (Liu et al. 2012; Gao et al. 2013 ), leading to impairment in growth performance and overall health of animals (Liu et al. 2012; Ajuwon 2014) . Even in normal condition, animals could be inevitably faced with some microbial irritation (Roura et al. 1992) , which might make animals situate in subhealthy state. With the ban or restriction of antibiotics, a variety of approaches had been explored to attenuate bacteriarelated disorders in production. Thereinto, live yeast (LY, Saccharomyces cerevisiae) based probiotic had exhibited promise as a substitute for antibiotics, because it was shown to improve growth performance in animals (Bontempo et al. 2006; Haldar et al. 2011; Trckova et al. 2014) and to stimulate immune responses in livestocks (Zanello et al. 2013; Trckova et al. 2014; Trevisi et al. 2015) . Besides, LY addition was found to be associated with a promotion of intestinal health of livestocks, as manifested by the amelioration of intestinal structure (Bontempo et al. 2006 ) and the inhibition of intestinal pathogens (Heugten et al. 2003; Trckova et al. 2014; Trevisi et al. 2015) . However, few studies were available regarding the effects of LY addition on immune responses and intestinal health in broilers under challenge condition.
Lipopolysaccharide (LPS), a component of the cell wall of gram-negative bacteria, was commonly present in poultry production (Huneau-Salauen et al. 2011) . It had been used to imitate microbial stress in broilers (Korver and Klasing 1997) . Previous studies in broilers revealed that LPS challenge compromised growth performance (Korver and Klasing 1997; Li et al. 2015) , impaired both innate and adaptive immunity (Korver and Klasing 1997) , and induced intestinal inflammation coupled with a damage of intestinal structure and barrier function as evidenced by the destructive intestinal morphology and tight junctions (Hu et al. 2011; Jiang et al. 2015; Li et al. 2015) . Yeast oligosaccharide had been shown to improve performance (Morales-Lopez and Brufau 2013) and to modulate systemic and intestinal immune responses in LPS-challenged broilers (Morales-Lopez and Brufau 2013; Shanmugasundaram et al. 2014) . However, it is unknown whether LY addition can protect the immune responses and intestinal structure against LPS challenge in broilers. Therefore, this study was designed to probe the effects of dietary LY supplementation on immune responses and intestinal morphological structure in broilers challenged with LPS.
Materials and Methods

Experimental design and diets
The experimental design and procedures were approved by the Animal Care and Use Committee of China Agricultural University. The experiment was designed as a 3 × 2 factorial arrangement. A total of 480 one-day-old male broilers (Cobb 500) were weighed and divided into six groups. Each group involved eight replicates with 10 birds per replicate. Average initial body weight did not differ among groups. Birds were fed basal diets without or with 0.05% and 0.50% LY (Saccharomyces cerevisiae, Actisaf Sc 47, 1.0 × 10 10 CFU g −1 ,
Lesaffre Feed Additives, France). Basal diets were formulated based on NRC (1994), the composition and nutrients levels are shown in Table 1 . Birds were raised in wire cages and had free access to the mash feed and water. Continuous light was provided throughout the trial period. Temperature was gradually reduced from 34°C on day 1 to 24°C on day 21 and was kept roughly constant thereafter. Birds were vaccinated using combined Newcastle disease virus (NDV) and infectious bronchitis virus on day 1 through drinking water (carried out in the hatchery) and using NDV on day 14 via intranasal and intraocular administration. At 21, 23, 25, and 27 d of age, half of the birds in each dietary treatment were intraperitoneally injected with E. coli 
Samples collection and procedures
At 3 h post the first (21 d) injection and the last (27 d) injection, blood samples were taken aseptically from the wing vein of the birds (eight birds) randomly selected from each replicate pen, serum samples were obtained by centrifugation of the blood at 3000 rev min −1 for 10 min at 4°C and stored at −30°C until analyzed. At 24 h post the last injection, blood of the birds randomly selected from each replicate pen was taken aseptically from the wing vein using heparinized tubes for mononuclear cells isolation. These birds were then slaughtered, 1 cm segments of the midpiece of jejunum and ileum were removed and put into 4% paraformaldehyde solution, meanwhile, chymes in jejunum, ileum, and cecum were collected and put into liquid nitrogen and preserved at −30°C for later analysis.
Performance measurements
Body weight and feed intake were recorded for each replicate on d 20 and 35. Average body weight (ABW) on d 20 and 35, along with average daily gain (ADG), average daily feed intake (ADFI) and feed conversion ratio (FCR) during the normal period (1-20 d) and stress period (21-35 d) were calculated out.
Analysis of serum and whole blood samples
Serum antibody titers to NDV (anti-NDV titers) were analyzed by ELISA using a commercial kit (Catalog No. 99-09263, Idexx Laboratories Inc., Westbrook, ME, USA). Serum diamine oxidase (DAO) activity was measured by colorimetry following the instructions of a test kit (catalog No. HY-60106, Huaying Biotechnology Research Institute, Beijing, People's Republic of China). Mononuclear cells in peripheral blood were isolated by density gradient centrifugation as described previously (Tan et al. 2015) . Lymphocytes proliferation and monocytes phagocytosis were measured according to method by Tan et al. (2015) .
Measurement of intestinal morphology
A 2 μm cross section of each intestine sample was obtained after staining with hematoxylin-eosin using standard paraffin embedding procedures. Ten longest and intact villi in each section were selected for morphological examination using an optical microscope (DMI6000B, Leica Microsystems Co. Ltd., Solms, Germany) equipped with a processing software (Leica application suite version 4.2). Villus height was measured from the tip of villus to the junction of villus and crypt. Crypt depth was defined as the depth of emboly between adjacent villi. Villus width was defined as the width of the widest point of it. Villus height to crypt depth ratio and villus surface area (π × villus height × villus width) were calculated out. Mean of these 10 values represent the final value of each sample.
Determination of intestinal disaccharidase and secretory immunoglobulin A
Activities of sucrase and maltase in jejunal and ileal chyme were analyzed by colorimetry. Briefly, jejunal and ileal chyme samples were homogenized in saline, after centrifugation at 4000 rev min −1 for 10 min, 10 μL of normal and boil-treated homogenates of each sample were respectively added to two tubes armed with 20 μL of substrate (sucrose or maltose), after incubation at 37°C for 20 min, the reaction liquid was boiled for 3 min to stop enzymatic reaction. 
Enumeration of intestinal microbes
Intestinal microbes were quantified by spread plate method. In brief, 1 g of chyme per sample was dissolved into 9 mL of sterilized phosphate buffer solution and concussed for 5 min. Each homogenate was then diluted 10-fold (10% w/v) with phosphate buffer solution. Diluted samples (0.1 mL) were inoculated into selective agar for bacterial enumeration. E. coli was incubated aerobically using MacConkey agar (catalog No. 02-005, Aobox Biotechnology Co. Ltd, Beijing, People's Republic of China) at 37°C for 24 h. Lactobacillus and Bifidobacterium were incubated anaerobically using de-Man, Rogosa and Sharpe (MRS) agar and Bertani Luria (BL) agar (catalog No. CM188 and CM194, Land Bridge Technology Co. Ltd., Beijing, People's Republic of China) at 37°C for 48 h.
Statistical analysis
All values are expressed as mean ± standard error of the mean (SEM). Data were analyzed by two-way ANOVA to assess the main effects (LY and LPS and their interaction) using the general linear model procedure of SPSS version 18.0 software. Duncan's multiple comparisons were used to analyze the differences among different groups. The level of significance was set at P ≤ 0.05, and 0.05 < P < 0.10 was treated as a trend toward significance. One-way ANOVA would be applied to analyze the data if interaction was significant. Microbial quantities were transformed (log 10 ) before being analyzed.
Results
Growth performance
Lipopolysaccharide challenge decreased (P ≤ 0.05) ABW, ADG, and ADFI but other than (P > 0.05) FCR in broilers (Table 2) . However, LY addition exerted no impact (P > 0.05) on ABW, ADG, ADFI, and FCR of the birds during normal period or stress period.
Serum and whole blood indices
There was an interaction (P ≤ 0.05) between LY addition and LPS challenge on serum DAO level (Fig. 1) , as evidenced by the mitigative effect (P = 0.042) of LY addition at 0.50% on LPS-induced increase (P ≤ 0.05) in serum DAO level post the first injection, when serum anti-NDV titers tended to be reduced (P = 0.071) by LPS challenge and were increased (P = 0.024) with LY addition at 0.05% (Table 3) . Dietary treatment effect (P > 0.05) was not noted on blood lymphocytes proliferation in response to LPS (stimulus of B cells) or concanavalin A (stimulus of T cells), as well as monocytes phagocytosis of broilers regardless of the immunological status. Note: Values with different lowercased letters in the same column differ significantly (P ≤ 0.05). ABW, average body weight (g); ADG, average daily gain (g); ADFI, average daily feed intake (g); FCR, feed conversion ratio.
a Birds were intraperitoneally injected with 1.5 mg kg −1 LPS or the same amount of saline at 21, 23, 25, and 27 d of age. Intestinal morphology structure, disaccharidase activity, and sIgA level A reduction in (P = 0.019) ileal villus height of challenged birds was observed compared with unchallenged birds (Table 4) . There was also a tendency for challenged birds to have lower jejunal villus height (P = 0.094) and ileal villus surface area (P = 0.068) compared with unchallenged birds. Supplemental LY at 0.05% elevated (P ≤ 0.05) ileal villus width and villus surface area, whereas the addition at 0.50% reduced (P ≤ 0.05) crypt depth and increased (P ≤ 0.05) villus height to crypt depth ratio of jejunum and ileum. There was a tendency (P < 0.10) toward increases in jejunal maltase and ileal sucrase activities post LPS challenge. However, supplemental LY at 0.50% decreased (P = 0.050) jejunal maltase activity and showed a trend to relieve (P = 0.097) LPS-induced increase (P ≤ 0.05) in ileal sIgA level.
Intestinal microbial quantity
Lipopolysaccharide challenge and LY addition had no effects (P > 0.05) on Lactobacillus and Bifidobacteria quantities in ileum or cecum, as well as cecal E. coli quantity (Table 5) . Ileal E. coli quantity also remained unchanged (P > 0.05) in response to LPS challenge but tended to be reduced (P = 0.080) with LY addition at 0.50%.
Discussion
Consistent with a previous report by Zhang et al. (2013) , we observed the reduction of ADG, ADFI, and ABW in broilers challenged with LPS, which could be responsible by the induced fervescence and depression. However, supplemental LY failed to induce modifications of growth performance in broilers during normal period or stress period. This result was similar to the previous studies (Heugten et al. 2003; Konca et al. 2009 ). Contradictorily, it was also reported that LY addition was associated with the promotion of growth in broilers (Haldar et al. 2011) . Possible difference in product property and rearing condition might underlie these disparities.
Antibody responses could be used to evaluate humoral immune status of broilers (Gao et al. 2008 ). Note: Values with different lowercased letters in the same column differ significantly (P ≤ 0.05). NDV, Newcastle disease virus, anti-NDV titers were expressed as log 10 ; PFC, post the first injection (21 d); PLC, post the last injection (27 d); lymphocytes proliferation was assayed on day 28 and expressed as stimulation index (SI, the ratio of optical density at 450 nm of stimulated lymphocytes to that of unstimulated lymphocytes); ConA, concanavalin A; monocytes phagocytosis was assayed on day 28 and expressed as optical density at 540 nm.
a Birds were intraperitoneally injected with 1.5 mg kg −1 LPS or the same amount of saline at 21, 23, 25, and 27 d of age. Note: Values with different lowercased letters in the same column differ significantly (P ≤ 0.05). VH, villus height (μm); CD, crypt depth (μm); VW, villus width (μm); VCR, villus height to crypt depth ratio; VSA, villus surface area (mm 2 ); Suc, sucrase (U g −1 of protein); Mal, maltase (U g −1 of protein); sIgA, secretory IgA (mg g −1 of protein). a Birds were intraperitoneally injected with 1.5 mg kg −1 LPS or the same amount of saline at 21, 23, 25, and 27 d of age. Intestinal parameters were analyzed on day 28.
It was showed that LY products had a benefit on antibody production (Gao et al. 2008; Haldar et al. 2011 ). The result herein was in accordance with the current study, in which serum anti-NDV titers was elevated by supplemental LY at 0.05% after the first injection when they tended to be reduced by LPS challenge, revealing a protective role of LY addition at 0.05% on humoral immunity against LPS challenge in broilers. This might be involved with the role of cell viability and cell wall of yeast, which could respectively produce some trophic substances and act as an immune cofactor, then promoting the humoral immunity through gut-associated lymphoid tissues (Collier et al. 2011; Liu et al. 2011) . As an indicator of nonspecific immunity (Tan et al. 2015) , lymphocytes proliferation and monocytes phagocytosis in peripheral blood was not influenced by LY addition regardless of the immunological status, suggesting that LY had no relation with these nonspecific immune indices in broilers. Improvement in the intestinal morphological structure, including elevated villus height, villus width, villus surface area, and the ratio of villus height to crypt depth, coupled with a lowered crypt depth were helpful to nutrients utilization, stress resistance, and gut barrier function of animals ( Jeurissen et al. 2002; Viveros et al. 2011) . A study by Liu et al. (2012) found that LPS challenge induced structural damage of gut as exhibited by the reduced villus height and enhanced crypt depth in pigs. Likewise, we observed a reduced ileal villus height and a decreasing trend of jejunal villus height and ileal villus surface area after LPS challenge, which might be due to the intestinal inflammation induced by LPS (Liu et al. 2012) . Live yeast addition was showed to be favorable to intestinal histology in animals (Bontempo et al. 2006; Haldar et al. 2011) . Indeed, we found that supplemental LY at 0.50% resulted in reduced crypt depth and increased villus height to crypt depth ratio of jejunum and ileum, whereas the addition at 0.05% increased ileal villus width and villus surface area, indicating that LY addition was protective for intestinal absorption and barrier function of broilers against LPS challenge to some degree. Disaccharidase, as a component of brush border in intestinal villi, is released through the disintegration of deciduous enterocytes instead of the secretion of digestive glands (Nakabou et al. 1980) . It could be thought that the increasing trend of jejunal maltase and ileal sucrase activities post LPS challenge were attributed to the LPS-induced disruption of intestinal villi, which resulted in anabatic abscission and disintegration of intestinal epithelial cells, thus causing increases in disaccharidase activities in chyme. Since intestinal epithelium is critical for intestinal integrity (Jeurissen et al. 2002; Chen et al. 2014) , we deduced that LPS challenge led to intestinal barrier dysfunction of birds. This was verified by the elevated serum DAO level in challenged birds. Interestingly, maltase activity in jejunal chyme was reduced with the addition of LY at 0.50%, implying it had potential to protect jejunal morphology structure in broilers against LPS challenge.
Diamine oxidase (DAO), a highly active intracellular enzyme of intestinal mucosa, is secreted by intestinal epithelium. The level of it in blood is an indicator of structure integrity and barrier function of gut (Luk et al. 1980) . It was shown that intestinal injury was companied by an increased DAO activity in serum after several hours of LPS injection in pigs and broilers (Liu et al. 2012; Wu et al. 2013) . Similarly, we observed an increased DAO activity in serum after 3 h of LPS injection, confirming that LPS challenge damaged intestinal structure and barrier function in broilers. However, the counteraction of increased serum DAO activity in challenged birds indicated that supplemental LY at 0.50% could alleviate LPS-induced intestinal barrier dysfunction. This was similar to the study of Gao et al. (2008) , who found that LY product (yeast culture) fortified intestinal barrier in broilers infected with coccidia. sIgA plays a crucial role in intestinal immunity, the production of which was induced in response to antigenic stimulation (Adolfsson et al. 2004) . Herein, the increase in ileal sIgA content after LPS challenge might be the result of a protective response of body against the antigen (LPS) irritation. Another possibility was that LPS-induced structural damage resulted in anabatic stimulation of gut by intestinal bacteria (Parra et al. 2011 ), which in turn induced the increase in sIgA secretion. A work done in pigs indicated an alleviation of E. coli-induced augment in intestinal sIgA content in response to LY addition (Lessard et al. 2009 ). Similarly, we found that LPS-induced increase in ileal sIgA content tended to be attenuated by the addition of LY especially at 0.50%, which made ileal sIgA content in challenged birds closest to that in normal birds. This could indirectly support the idea of an improved intestinal structure and barrier function in broilers supplemented with LY at 0.50%, since reduced intestinal sIgA content could be the result of relieved irritation and improved barrier function of intestine in animals (Lessard et al. 2009 ).
Gut microbiota act momentous actions on systemic and intestinal health. The inhibition of pathogens by LY in animals had been shown in erstwhile studies (Haldar et al. 2011; Trckova et al. 2014) . In this study, LY addition at 0.50% tended to reduce jejunal E. coli quantity, which could be interpreted by that adequate LY inhibited the colonization of E. coli to mucosa by binding the fimbriae of E. coli (Tiago et al. 2012) . As LPS-induced injury of intestinal structure probably made mucosa more susceptible to the stimulation by potential pathogens such as E. coli (Parra et al. 2011 ) and might in turn lead to further deterioration of intestinal structure and barrier function (Gao et al. 2013) , it could be thought that inhibition of potential pathogens (E. coli) might be related to the protective effect of LY addition on intestinal structure against LPS challenge in broilers.
In summary, dietary LY supplementation was beneficial for humoral immunity and intestinal structure in broilers. Overall, supplemental LY at 0.05% improved antibody response, while the addition at 0.50% could attenuate LPS-induced damage of intestinal structure in broilers.
